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We recently explored an outbreeding system in a multicellular eukaryote where genetic effects on gene 91 expression can be identified in a haploid state (Verta et al., 2013) . This system is based on measuring gene 92 expression in the megagametophyte tissue of the seed of gymnosperm plants. Megagametophytes are 93 haploid products of meiosis and their genomes are maternally inherited ( Fig. 1A, Williams, 2009 ). Here, 94 we expand this biological system to include a diploid segregating tissue by self-fertilizing a white spruce 95 (Picea glauca [Moench. Voss]) individual. In a self-cross, alleles of loci that are heterozygous in the 96 mother tree segregate 1:1 in the megagametophytes and in 1:2:1 genotype combinations in the embryos 97 ( Fig. 1B) . This enables measurement of the impacts of the same genetic variants in haploid and diploid 98 tissues. Another advantage of the system is that both the megagametophyte and embryo inherit identical 99 maternal genomes ( Fig. 1B) , facilitating genetic tracking of the progeny. We use this haploid/diploid 100 system in conjunction with RNA-seq ( Fig. 1C ) to evaluate the intersect between the genomic location and 101 allele specificity of genetic effects on gene expression as well as their additive versus dominant/recessive 102 mode of inheritance ( Fig. 1D ).
R e s u l t s 7
We observed that 38% of tested focal genes were influenced by distant effects (q<0.01, Table S2 ). Most of 137 the distant effects were observed in a number of loci assigned to the same linkage block, which were 138 counted as a single effect (seen as horizontal lines within linkage blocks in Fig. 2 ). Overall, distant effects 139 were distributed randomly over linkage blocks (Supplemental text). Their relatively high abundance 140 compared to local effects, which are more likely to be discovered due to a higher statistical power, points 141 towards a complex and highly connected control of gene expression levels across linkage blocks.
142
We compared the local and distant genetic effects to the cases where our previous investigation of the 143 same individual tree indicated that expression variation in the focal gene was associated with a single 
150
Haploid/diploid comparison 151
We next examined whether the genetic effects identified in the haploids translated into genetic effects in 152 the diploids (embryos). RNA-seq for 66 self-fertilized embryos were obtained from the same seeds used 153 for haploid analysis (Fig. 1 ) and aligned to white spruce gene models (Rigault et al., 2011, Table S1 ), 154 producing similarly high alignment rates. The expression of 15,859 genes was detected in the diploids, 155 indicating that the embryos were at least as transcriptionally active as the megagametophytes.
156
Genetic effects on gene expression can be specific to diploid tissues (e.g. Drost et al., 2010) . We therefore 8 varied by log 2 fold change of two or higher were deemed as tissue preferential. The majority of genes 161 were assigned as non-preferentially expressed, indicating that expression divergence was relatively minor 162 and allow genetic effects to be compared across haploids and diploids (Figs. 3A and S1L).
163
As a first step to compare genetic effects in haploids and diploids, we investigated whether local and 164 distant effects could be observed in diploid homozygotes. We tested for differential expression between 165 diploid genotype classes that were homozygous for the local and distant effects. Proportions of effects that 166 were recapitulated between homozygous diploids ranged from 17% to 45% (q<0.01, Fig. 3B and Tables 167 S3 and S4). Effects that explained a larger part of expression variation were more likely to be 
176

Allele specific expression 177
Having established a set of genetic effects observed across ploidies, we focused on heterozygous diploids 178 to examine the allele-specificity (cis versus trans) of local and distant effects. The distinction between cis 179 and trans can be established by testing whether a genetic variant influences the expression of one, or two 180 alleles of the focal gene in heterozygous individuals (Wittkopp et al., 2004) . We first tested for cis effects 181 between the two alleles in heterozygous diploids in order to establish a set of genes under cis effects to 182 which haploid expression would be compared. A third (31%) of tested genes showed expression 183 differences between the alleles (q<0.01, Table S3 ), indicating that cis effects were common in diploids.
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Next, we investigated the relationship between locally linked variants and allele-specific (cis) effects.
185
Technical differences in determining effects in haploids and diploids were taken into account by defining 186 a set of local effects that were observable based on SNP counts (Methods and Supplemental text). We 187 observed that 55% of the genes under local effects were also associated with cis effects (over four and half 188 times the frequency expected by chance), while 75% of the genes that showed cis effects were assigned as 189 under local effects (over six times the frequency expected by chance, Fig. 4A , 4B and 4C, Table S3 ).
190
Relative allele expression levels remained unchanged in the large majority of the cases (96%, Fig. S6 ).
191
These results suggested that allele-specific effects were more often due to local genetic variants than the 192 contrary, where local genetic effects were acting in an allele-specific manner.
193
Comparisons across diploid genotypes were used to identify local genetic variation that acted in trans. The 194 expectation for trans effects was that homozygous diploids would have different expression levels, but no 195 differential expression between alleles would be detected in heterozygotes (Wittkopp et al., 2004, Fig. 196 4E) . Following this reasoning, any homozygote difference in genes under local effects that were not 197 associated with cis effects were designated as local effects acting in trans. These were observed in 12% of 198 the tested genes (Table S3 ). Having equal effects on both of the alleles in heterozygotes, these effects were 199 candidate diffusible signals that were due to self-regulation, or independent genes situated in close linkage 200 to the expressed gene. 
210
The observed patterns of heterozygote-specific cis effects were consistent across the progeny, i.e. largely 211 independent of the genetic background that segregates separately from the focal gene. This suggests that 212 either the compensatory factors were in very close linkage to the focal gene, or that these effects were 213 caused by different mechanisms, such as interaction between the cis effect alleles, which we find unlikely.
214
Finally, 165 focal genes under either of local cis or local trans effects changed signs between 215 homozygotes and heterozygotes (18% of tested, Fig. 4E ). This pattern is also compatible with either 216 compensation by a closely linked factor the effect of which is larger than that of the focal effects (termed 217 here as "overcompensation", Fig. 4F , Goncalves et al., 2012) , or by an interaction between the cis effect 218 alleles. Including these effects in downstream analyses did not change the conclusions. We however 219 excluded the cases where local effects changed signs in order for our analysis to be linear across 220 genotypes.
221
We determined whether distant effects identified in the haploids were associated with cis or trans effects 
225
The hypothesis that distant variants act in cis was testable in embryos that were heterozygous for both the 226 distant and the focal genes. Patterns consistent with distant cis effects were discovered in a frequency 227 corresponding to our false discovery rate (45 of 3665 tested associations) and the segregating frequencies 228 of these indicated that the association pairs were in fact linked in most cases. The overwhelming majority 229 of distant effects therefore acted in trans, hence likely representing diffusible signals.
230
Additive versus dominant/recessive mode of inheritance of expression variation 231
Our third objective was to investigate the additive versus dominant/recessive mode of inheritance of 232 genetic effects. We compared focal gene expression levels between diploids that were homo-and 233 heterozygous for the genotypes associated with the genetic effects. For additive effects, statistically significant expression differences were expected between heterozygotes and both of the homozygotes 235 (Fig. 5 ). In contrast, dominance was expected to produce a statistical difference between the heterozygous 236 genotype and only one of the homozygotes (the recessive genotype).
237
Different patterns of inheritance were observed for effects acting in cis and trans. Expression phenotypes 238 were mostly additive in genes under local cis effects (83% additive vs. 17% dominant/recessive, q<0.01),
239
whereas those under local trans effects were more dominant/recessive (59% dominant/recessive vs. 10% 240 additive, 31% unknown, q<0.01, Table S3 and 
305
Taking into account the resolution of our study (66 segregant progeny), the factors associated with local 306 trans regulation could be independent of the focal gene but situated on the same chromosome. It is also (Ronald et al., 2005) . Further fine-mapping would help to determine whether the local trans effects 310 identified here were caused by variation in the gene itself, or independent genes in linkage.
311
A complex architecture likely underlies most local effects. In a considerable portion (39% of tested) of the 312 local cis effects, expression was allele-specific in heterozygotes, but no difference between homozygous 313 genotypes was observed ( Fig. 4E ). This pattern is most consistent with compensation between cis and 
Evolution of expression variation 335
Previous studies have established that expression divergence due to cis variation is more common between Kacser and Burns, 1981, Phadnis and Fry, 2005) , which is that dominance 386 becomes stronger with larger effects (Fig. 6C ). This characteristic follows from the nature of the reactions 387 in question (in our case, gene transcription), which contain multiple interdependent steps (like the 388 transcriptional protein complex and interacting enhancer or repressor proteins, for example). In the theory 389 of Kacser and Burns (1981) , these steps depend on one another because they share the same pool of 390 substrates and products, which tends to buffer the system to variation in any one component. It is 391 reasonable to assume that this could also apply to gene transcription not only in the form of substrates, but 392 also as interaction states between different proteins. When the system contains many steps, the response 393 between phenotype and genotype takes the form of a hyperbolic curve of diminishing returns (figure 4 in 394 Kacser and Burns, 1981) . The impact of mutation in any one of the constituents on the resulting phenotype 395 will depend on their importance for the functioning of the whole system. Mutations in factors that have 396 small effects on the total flux through a reaction when they are homozygous will be additive, while 397 mutations in components that are essential for flux will be dominant/recessive ( 
399
Overall, distant trans effects of small magnitude were more additive than those that explained a large 400 proportion of expression variation, consistent with the prediction of the metabolic theory. Our results 401 show that unlike trans effects, larger cis effects were more additive. They therefore seem to represent rate-402 limiting factors in gene transcription that could correspond to their structural instead of diffusible nature. 
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Association testing in megagametophytes 471
Local effects -Each gene was identified as one of the two maternal genotypes based on transcribed SNPs.
472
Differential expression was tested considering samples as biological replicates of one of the two alleles 473 and testing expression difference between the two groups. Two complementary approaches were used.
474
First, a single SNP was used to assign samples to alleles. Then, gene-wise counts generated with HTSeq 475 were used in the testing of expression differences between alleles with the R package edgeR as described against which it was tested were covered by at least one read in more than 90% of the samples. With these 503 results in hand, we determined the genetic distance over which 95% of the association signals from local effects were detectable on other loci (30 cM, q-threshold>0.01, Fig. S9 ). Accordingly, the final set of 505 tested distant loci was filtered to include only loci whose genetic distance to the focal locus was at least 30 506 cM.
507
Association testing in embryos 508
Cis effects -Testing for cis effects was performed for genes in which samples heterozygous for the two 509 focal alleles were observed in a Mendelian frequency, i.e. between 25 and 41 samples when N=66.
510
Expression level for each allele was represented as sums of read counts over all heterozygous, linked 511 variants as in the megagametophytes. Each allele in each sample were considered as replicate measures, 512 and the difference between allele classes was tested with edgeR as described for the megagametophytes.
513
This procedure takes into account sample-wise variation in total library size and potential reference 514 mapping bias as described for the megagametophytes.
515
Effects in homozygous diploids -Embryo genotypes were called from transcribed SNPs with custom 516 Python scripts, taking into account the genotype of the associated megagametophyte. Testing for 517 differential expression between homozygous genotypes was performed for genes in which the observed 518 genotypes segregated in a Mendelian 1:2:1 ratio, that is, heterozygotes were observed in a frequency from 519 25 to 41 and homozygotes in a frequency from 10 to 24. Testing procedure was identical to that described 520 above concerning the megagametophytes, i.e. the edgeR package was used to test gene-wise counts and 521 normalization factors, dispersions and offsets were calculated based on all aligned reads.
522
Inheritance -An edgeR model for gene-wise expression levels in focal gene according to local or distant 523 genotypes was constructed as described above in the case of homozygote difference. Contrasts between 524 heterozygous genotype versus the two homozygous genotypes were tested with the makeContrasts 
792
According to Wright (1934) , the hyperbolic response curve between genotype and phenotype is due to the 793 fact that the individual gene product is not the rate-limiting factor in a given reaction. Kacser and Burns 794 (1981) later showed that enzymatic reactions that involve multiple steps are robust to changes in the 795 activity of the constituent factors, which is at the origin of the hyperbolic response curve. Mutations in 796 factors that have larger homozygote differences correspond to more recessive phenotypes as the response 797 curve between genotype and phenotype falls off the near linear portion, as was observed for trans effects.
Cis effects were relatively robust to changes in effect size, which was consistent with a linear response 799 curve with one rate-limiting factor (Kacser and Burns, 1981 
